Molecular glass resists have shown potential as replacements for polymeric resists in next generation lithography, especially extreme ultraviolet lithography. One of the main concerns about molecular resists is their glass transition temperature ͑T g ͒ which can be very low in some cases due to their small molecular size and other factors. While most of the polymeric chemically amplified resist platforms used thus far have T g 's above 100°C, molecular resists investigated in the literature so far have shown a wide range of measured T g 's from near room temperature to greater than 160°C. This potential for low T g values and the current lack of ability to easily predict their T g is a concern when designing new compounds because a molecular resist may be synthesized with a T g value that is too low for the required processing conditions ͑e.g., allowing for dewetting of the resist, flow of the resist features, or excessive photoacid diffusion͒. To enable rational molecular resist design and overcome these problems, a quantitative structure-property relation model based on bond additivity that allows for the prediction of the T g of molecular resists based on their full chemical structure has been developed in this work. The model shows a good coefficient of determination ͑R 2 ͒ of 0.84 with experimental data, and a standard deviation of only 12°C for 57 compounds. It works well across multiple different levels of protection, different structural moieties, different molecular sizes, and different types of protecting groups. The model was also simplified to provide a simple heuristic for predicting T g based on only two or three structural parameters, and this easy to use simplified model provides a similar level of quantitative agreement with experimental data to the full bond additivity model.
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I. INTRODUCTION
Molecular glasses are low molecular weight organic compounds that readily form stable amorphous glasses and show many properties associated with polymers including exhibition of a glass transition temperature. 1 Molecular glass photoresists, which are also referred to as molecular resists, have received much attention as potential replacements for polymers in photoresists due to several potential advantages. They were originally introduced because it was thought that the effective reduction in resist molecule pixel size would improve line edge roughness ͑LER͒. [2] [3] [4] Their small molecule nature also provides additional advantages such as the fact that their synthesis and purification can be precisely controlled to create monodisperse resists with well-defined structure and properties. This precise molecular synthesis control is in contrast with polymeric resists which generally have a polydispersity in molecular weight, chain composition, and monomer order along the chain. This variation in polymer structure leads to physiochemical inhomogeneities in the resist that translates into variations in the dissolution behavior and imaging performance in the resist. The working hypothesis that motivates much of this work is that reducing such compositional inhomogeneities will lead to optimal lithographic performance in resist materials. This concept has been validated to some degree since reduction in the inhomogeneity and polydispersity in molecular resists has already been shown to improve LER. [5] [6] [7] A yet untapped but potentially very important property of molecular resists is that the well defined molecular structure of molecular resists offers the ability to develop accurate predictive structureproperty models for a variety of important lithographic properties such as glass transition temperature ͑T g ͒ and development rate. Many such predictive models for organic compounds have already been developed for nonlithographic properties such as boiling point, 8, 9 vapor pressure, 10,11 critical temperature and pressure, 12 flash point, 13 and a number of other parameters. 14 The goal of the work presented here was to develop such a predictive model for the glass transition temperature of molecular resists that could be used to guide their rational design with T g values in desired ranges.
Despite the advantages of molecular resists, the concept of using molecular resists for high volume manufacturing as replacements for polymeric resists has met some resistance. One commonly cited issue that has led to this resistance is again the concern about their T g 's being lower than that of the polymers conventionally used as photoresists. It is desired that the postapply bake temperature of a photoresist be slightly above its T g in order to remove a large amount of the residual casting solvent and to minimize the free volume in the film, 15 but it is also desired that the postexposure bake ͑PEB͒ temperature be below or only slightly above its T g to reduce photoacid diffusion during the PEB. 16 For most of the polymer resists used in manufacturing, their T g is in the a͒ Author to whom correspondence should be addressed; electronic mail: cliff.henderson@chbe.gatech.edu range 110-150°C. This relatively high T g was particularly important in early chemically amplified resists that required PEB temperatures above approximately 110°C to catalyze the deprotection reaction responsible for the solubility switch in the materials. Many early reported molecular resists exhibited T g values below 100°C. 17 This could be an important issue if the T g in the molecular resist is so low that at the temperatures required for deprotection ͑i.e., in positive tone systems͒ or cross-linking ͑i.e., negative tone systems͒ that the PEB would be significantly above the film T g . Baking too far above the resist T g has a strong and generally negative effect on many lithographic properties including resolution and line edge roughness due to the fact that diffusion in the film ͑e.g., photoacid diffusion͒ is greatly enhanced as the film temperature increases above the film T g . 18, 19 Higher diffusion of photoacid in the resist leads to pattern blur and ultimately limits the absolute resolution of the resist. It is therefore important to be able to tailor the T g of a resist material into a range sufficiently high to allow for effective deprotection or cross-linking while preventing diffusion induced performance degradation.
As mentioned earlier, since molecular resists generally have a well defined structure, they are well suited for the development of structure-property relation models. In an effort to better understand the glass transition behavior in these materials and to provide a predictive model to improve future resist design, a quantitative structure-property relation model based on bond additivity that allows for the prediction of the T g of molecular resists based on their chemical structure has been developed in this work. It works well across multiple different levels of protection, different structure moieties, different molecular sizes, and different types of protecting groups.
II. MODEL DESCRIPTION
Since there is such a wide variation of molecular resist structures in literature, we classified them into several different families. Compounds are separated into families based on common structural characteristics and synthetic methods. Some of the families that we have divided molecular resists into are polyphenols, arylbenzenes, calixarenes, steroids and cholates, spirocompounds, and dendrimers. Figure 1 contains typical structures of some of these families of compounds. Polyphenols are generally synthesized by acid catalyzed condensation of phenols with ketones, aldehydes, and tertiary alcohols and usually have a triaryl carbon on which two of the aryl groups are phenols. In these cases, the triaryl carbon is generally formed by the condensation of two phenols on an aryl ketone. [20] [21] [22] Arylbenzenes are made primarily through Suzuki coupling reactions and have biphenyl type bonds linking all the aryl rings. 23 Calixarenes are cyclic compounds that are synthesized primarily through acid or base catalyzed condensation of phenols, resorcinol, pyrogallol, etc., with aldehydes which results in a cyclic compound. 24, 25 Steroids and cholates are usually derived from natural products and contain a four ring carbon skeleton fashion. 26, 27 Spiro compounds are characterized primarily a spiroatom that connects the molecule together. 28 The dendrimer class would include all dendrimers that are used as resists. 29 While these are not the only classes of compounds that have been used as resists, they constitute the vast majority of the designs and structures reported to date. The model developed in this article has been applied only for the polyphenol family of compounds with tert-butoxycarbonyloxy ͑tBoc͒ protecting groups and acetal type protecting groups. This family again constitutes a large portion of the molecular glass resists reported in literature by itself. Current efforts are underway to expand the current model to these other classes of compounds, and the results will be reported soon. Table I has a full list of the 57 molecular resist compounds used in developing the current model.
The primary model in this article is based on chemical bond additivity. Full molecular structures are drawn and then the compound is reduced to each of its constituent bonds. Toluene ͑C 6 H 5 CH 3 ͒ can be used as an example to demonstrate this method. It contains three H-C bonds ͑hydrogen-aliphatic carbon͒, one C -C ar bond ͑aliphatic carbonaromatic carbon͒, six C ar -C ar bond ͑aromatic carbonaromatic carbon͒, and five H -C ar bonds ͑hydrogen-aromatic carbon͒. This is done for all the compounds studied, and the bond parameters are tabulated along with the experimental glass transition temperatures of these materials. The glass transition temperatures of the compounds are then regressed using Eq. ͑1͒ with a least squares method, where a , b , c, etc., are fitted coefficients that are the same for all compounds and N H-C , N H-C ar , N H-O , etc., are the number of each respective bond type for each specific molecule. Once the regression is completed on a training set of compounds, the resulting model can be used to estimate the glass transition temperature for any new polyphenol.
͑1͒
Based on the molecular resists used for generating our model, all the compounds can essentially be broken down into 11 bond types with one correction factor needed for acetal type protecting groups. The correction factor was added because it provided a much improved fit for compounds with acetal type protecting groups and will be discussed more fully later. The correction factor used simply accounts for the total number of acetal groups on a molecule. The full list of bonds used in the model can be seen in Table  II . While the full set of bonds shown in Table II was created to fully describe the compounds, since all the compounds modeled were of a similar type, certain bonds types were redundant. In all the compounds studied, the H-O bonds were, in fact, all C ar -OH because all the OH groups in these molecules were phenols. As a result only the C ar -OH parameter was used and the coefficient for the H-O parameter was set to zero for all model fits.
While many different types of molecular representation strategies, e.g., fragment or group representations, could be used to develop the desired structure-property models, a bond model approach was chosen because a bond description can provide full characterization of a wide variety of different compounds with a relatively small number of parameters as compared to other methods such as group additivity. Bonds are also one of the simplest components of a molecule and can be more easily determined and tabulated than some fragment or group based methods. Additionally, bond additivity has shown to be effective in predicting many other important molecular properties such as heat capacity.
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III. RESULTS AND DISCUSSION
Before modeling the compounds, they were broken down into different classes of compounds based on their type and number of protecting groups. Unprotected compounds are the molecular resists with no protecting groups, and partially protected compounds are those with only some of their phenol units protected with protecting groups. This level of protection is expected to play an important role in determining the T g of the compound since it affects the ability of the compound to form hydrogen bonds ͑e.g., fully protected compounds have all their phenol groups protected and thus are expected to lack significant hydrogen bonding effects͒. While most of the molecular resists in literature have tBoc protecting groups, there are also some reported with acetal type protecting groups with the most common form being 1-ethyl-1-ethoxy ethers made from ethyl vinyl ether. Table III lists the best fit coefficients for all unprotected, partially, and fully tBoc protected compounds, along with the coefficients for all the acetal type protecting groups. The coefficient of determination ͑R 2 ͒ and the 1 standard deviation between the experimental and predicted T g values are listed in Table III as well. Since there are significantly fewer compounds in literature with acetal type protecting groups, they were not broken down into partially and fully protected compounds. No acetal correction term was included in the acetal class because all the contributions of the C ar -O and C-O bonds came from acetal groups and so the acetal correction factor is redundant in this class. Comparing the R 2 values for the four different classes of compounds, the model does a good job of correlating the T g of the various compounds in all cases. The partial tBoc protected and acetal protected compounds can be especially well predicted by the model with R 2 values of 0.93 or greater and a standard deviation of 7.05°C or less, but they have more parameters than the unprotected and fully tBoc protected compounds and so these extra degrees of freedom could also be partially responsible for the better quality of the model fits.
Comparing the values for the various parameters across different classes in Table III , some interesting trends appear. For all compounds, the C ar -OH parameter shows a strong influence on increasing T g in all compounds. This is expected due to the strength of hydrogen bonding and the influence such hydrogen bonding can have on molecular motion. In the unprotected compounds, C ar -OH bonds show the strongest effect on increasing T g , while the C-C bond has the strongest effect on decreasing T g due to the flexibility of this type of bond. In unprotected and partially tBoc protected compounds, the C ar -C ar biphenyl bond has a negative effect on T g , while in the fully protected compounds, it acts to increase T g . This is unexpected given the relative stiffness of a biphenyl bond, but it may act to hinder molecular movement enough to reduce the effect of hydrogen bonding in unprotected and partially compounds, while this hindrance acts to 
Bond name Description
H-C Hydrogen-aliphatic carbon H-C ar Hydrogen-aromatic carbon H-O Hydrogen-oxygen C-C Aliphatic carbon-aliphatic carbon C-C ar Aliphatic carbon-aromatic carbon C ar -C ar Aromatic carbon-aromatic carbon
Aromatic carbon-aromatic carbon biphenyl Acetal Acetal type protecting group ͑correction factor͒ increase the T g in fully protected compounds because it reduces molecular movement but no longer negatively affects the ability of molecules to form hydrogen bonds. Across all compounds, protecting the phenols acts to decrease T g by reducing the hydrogen bonding as indicated by the positive value for C ar -OH bonds and increasing flexibility at the point where the protecting group attaches to the molecule as indicated by the C ar -O bond parameter. While the model may work well for each individual class of compounds, it is more useful if it can predict T g across all of the classes of polyphenols. Table IV shows the full model fit for all the molecular glass compounds in this study, along with a simplified model that will be discussed later. A comparison between the predicted and experimental T g values is seen in Fig. 2 . The model works well across all compounds with an R 2 value of 0.84 and a standard deviation of 12.02°C. The coefficients produced from the fit of the model across all compounds provide insight into the major factors that affect T g behavior in these materials. The two dominant factors in increasing T g are C ar -OH bonds and C ar -C ar bonds. Increasing C ar -OH bonds increases T g due to increased hydrogen bonding. C ar -C ar bonds are present in the aromatic rings which are stiff relative to many other bonds and thus increase T g . The same argument applies to C ar -C ar biphenyl bonds which show a relatively large positive coefficient. The major factors in decreasing T g are all associated with addition of protecting groups to the molecules, with the C v O-O, C ar -O, and C-O bonds that are important being found in the tBoc groups. Introducing the more flexible esters and ether linkages into the molecules acts to decrease the T g . The acetal correction factor has a large negative value indicating that there is a large penalty to T g associated with the introduction of acetal protecting groups. This is likely due to the highly flexible nature of the acetal bond.
Despite the fact that reasonably good fits could be obtained for all the compounds using the full bond model, the fundamental factors affecting T g are better found by carrying out a principal component analysis of the parameters in the model. While a principal component analysis can be carried out through many different methods, 31 the principal component analysis in this case was done by setting one coefficient at a time to zero, performing a nonlinear least squares regression on the model without this parameter, and comparing the R 2 value for the model with and without this parameter. In this manner, one parameter at a time was removed from the model until the minimum number of parameters required to obtain a good fit was obtained. It was found that all the polyphenol compounds studied in this work could be well fitted using only three parameters: C ar -OH, C ar -C ar , and the acetal correction factor. The full model and the simplified model parameters along with the R 2 and standard deviations between each model predicted T g and experimental T g are listed in Table IV . The reduced model still gives a very good fit for all compounds with only a slightly smaller R 2 value of 0.81 and a slightly larger standard deviation of 13.12°C than the full bond model.
Since all the C ar -C ar bonds in these compounds are found only in the aromatic rings ͑ArRings͒, the best fit simplified model can be succinctly written in Eq. ͑2͒. Since there are six C ar -C ar bonds in a ring, the ArRings coefficient is just the C ar -C ar coefficient from the simplified model multiplied by six. Equation ͑2͒ provides insight into the T g behavior of these systems. This simplified model works well for the compounds studied in this article because they all are polyphenols and have very similar structural elements. The aromatic ring parameter implies that when the number of aromatic rings in a molecule is increased, more concerted motion is required to cross the glass transition. Since the rings are relatively stiff compared to other bonds, increasing the number of aromatic rings increases the T g . While increasing the number of aromatic rings acts to increase the molecular weight, the ring factor is more than just a molecular weight effect. If a model is used that is based on molecular weight, C ar -OH bonds, and acetal groups instead of the current model, a sig- nificantly worse fit to the experimental data is obtained compared to the model described in Eq. ͑2͒. As described before, the effect of C ar -OH groups is to increase the T g of the material by increased hydrogen bonding between molecules, and acetal groups act to decrease the T g by increasing the flexibility of the molecule.
T g = 7.138N C ar -OH + 12.500N ArRings − 11.547N acetal . ͑2͒
While addition of tBoc protecting groups acts to decrease the T g by reducing the number of C ar -OH groups, no additional factor for tBoc groups is required in the simplified model. The larger coefficient for the C ar -OH parameter compared to the full bond model accounts for the T g penalty of tBoc protection. This is not the case for acetal protecting groups. An additional penalty beyond loss of C ar -OH bonds must be added to the model through the acetal correction factor to properly reflect the influence of acetal group addition on T g . If no acetal factor is included in the simplified model, the R 2 value is reduced to 0.62 and the standard deviation increases to 18.57.
IV. CONCLUSIONS
A bond contribution model has been developed for the prediction of glass transition temperatures in polyphenol molecular glass resists. It does a good job of predicting T g with a R 2 of 0.84 compared to experimental T g values and a standard deviation of only 12°C. T g is found to increase as the number of C ar -OH bonds in the molecule increases due to the increased ability of the molecule to form hydrogen bonds. Stiff structural moleties such as aromatic rings and biphenyl bonds also acts to increase T g by reducing the flexibility of the molecule. Adding protecting groups tends to decrease T g due to reduced hydrogen bonding and increased flexibility of the protecting group linkages. Acetal type protecting groups have an even stronger effect than tBoc protecting groups on decreasing T g due to the higher flexibility of the acetal group compared to the carbonate group. The model was also simplified to a three parameter model that predicts the T g of molecular glass resists nearly as well as the full bond model. The simplified model provides a good and fast heuristic for molecular resist design.
